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[ 68o ] 
LIX.  The Decrease of Er, ergy of ¢t Particles on passing 
through Matter. By G. It. H~DERS0~, Ph.D.*  
§ 1. Introduction. 
T HE general laws governing tile passage of ~ particles through matter have been discussed theoretically by 
both Darwin t and Bohr :~. 
I f  E, M, and V be the charge, mass, and velocity of the a 
particle and e and m be the charge and mass of an electron, 
then, when the a particle approaches an electron along a line 
at a distance p from it, the energy given to the electron is, 
by the ordinary laws of dynamics, 
2E~e ~ 
Q = i~w (p~ + ~) '  . . . . .  (1) 
Ee(M+m) Ee 
Where a= MmV2 -- mV 2 approx., 
if the electron is free. 
In passing through a thickness Ax of matter, the number 
of encounters in which p lies between p and p+dp is 
2~r iN nAxp dp, 
where N=the  number of atoms in i cm? 
and n=the  number o[ electrons in one atom. 
Then, if T is the energy of the a particle, 
&x-"  mV ~ 11) ~+a: . . . . .  (2) 
I f  the limits of p in this integral be taken as 0 and ,¢, ~h.e 
integral becomes infinite, i. e. an a particle could not pass 
through an appreciable thickuess of matter at all. Evidently 
some upper limit to the radius of action of the a particle 
must be taken. 
In the first paper dealing with the motion of a particles, 
Darwin made the assumption that the ffect of the a particle 
at any instant was confined to the electrons of the atom 
through which it was passi,g. He was able to calculate the 
motion of the a particles through matter for various arrange- 
ments of electrons within the atom. Theoretical velocity 
curves showing the variation of velocity with distance 
* Communicated bySir E. Rutherford, F.R.S. 
~" Darwin, Phil. Mat. xxiii, p. 901 (1912). 
$ Bol,r, Phil. Mag. xxv, p. 10 (1913)~ and xxx. p. 581 (1915). 
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Energ# Decrease of a Particles passing through Matter. 681 
travelled were obtained which showed the same gelmral form 
as the experimental curves, and from these an estimate of the 
nmnber of electrons in the atom was made. 
On the other hand, Bohr considered the time of passage of 
the a particles past an electron to be the determining factor, 
and assumed that as long as this time of passage was small, 
compared with the period characteristic of the electron in 
dispersion phenomen% the electron could be considered as 
free. When tha time of p~lssage was comparable with this, 
however, the electron could no longer he co~sidered as free, 
a~d in this way an upper limit top  was introduced. The 
calculated velocity curves showed good agreement with 
experiment over most of the range of the a particle. 
§ 2. Method adopted. 
Ill this paper the law of decrease of energy of an a 
particle is developed alollg lines somewhat differez~t from 
those of the writers mentioned. 
According to the modern ideas of atomic structure, duo 
to Bohr, the electrons ;ire thought o be arranged in various 
stationary states or energy levels. An electro~l leaving one 
of these stationary states can only move to another such 
stale or completely out of the atom (to infinity). Thus 
the energy which an electron can take up is limited to a 
number of finite amounts characteristic of the atom. 
These views furnish a simple method of fixing the upper 
limit to the radius of action of an a particle upon the 
electrons of matter. If the electron is to be moved from 
o~m stationary state to another by the passage oi an a 
particle near it, then with the finite amount of energy 
which the electron must t;,ko up in order to effect the 
change there may he associated an upper limit to the 
radius of an a particle upon the electron. 
The mechanism which is involved in this transfer of energy 
from a particle to electron may be difficult to conceive. 
However, when an electron is moved from its stationary 
state to infinity by the action of light, the freque~my v of 
the light must be such that the quantum hv is greater 
than the finite difference of e~ergy between the initial and 
the fi~lal states of the electron. Here the rule governing 
the transfer of energy is known, although the mechanism 
involved is not. A similar statement holds for the case 
whel, the transfer of electrons from one state to another 
is caused by electron impacts (elastic and inelastic impacts). 
Similarly, in the case of a particle impacts the transfer of 
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682 Dr. G. H. Henderson on the Decrease of 
energy might be determined by appeal to experiment 
before the mechanism is understood. 
Accordingly, it seemed of interest o apply the classical 
theory of the exchange of energy as given by (1) to the case 
of the ~ particle and electron, having regard to the limited 
number of stationary states which the electron can occupy 
within the atom, an~[ to compare the r sulting law of motion 
of the a particle with experiment. 
This has been done in the following paper, taking as a basis 
the following assumptions. 
Interchange of energy with an electron takes plac~ 
according to (1) provided that the energy transferable, 
according to (1), is greater than the ionization potential of 
that electron. 
Thus for any given V a definite upper limit splaced upon 
p by (1), where Q is equal to the ionization potential. For 
values of p less than this limiting value p0, the excess of 
energy over that required to remove the electron from 
the atom may be in the form of kinetic energy of the 
electron. 
The existence of resonance potentials i taken into account 
by assuming that when the nergy available according to (1) 
lies between the ionization and resonance potentials, or 
between two resonance potentials, the energy transferred is
constant and equal to the lower resonance potential. 
For encounters where p is greater than P0, given by (1) 
for the lowest resonance potential, it is assumed that practi- 
cally no energy is transferred to the electron, the latter con- 
tinuing to move in its stable orbit and behaving as if rigidly 
bound to the atom. 
§ 3. Calculation of the Law of i'ilotion era Particles. 
Consider a substance in each of the atoms of which there 
are ha, n2 • . . nr electrons with the ionization potentials Q1, Q~ 
• • • Qr respectively. The total number of electrons 
n~n1-i-n2-t-. • • hr. 
Then, for the nl electrons having the ionization potential 
Q1, 
Pl 
A--~ -- V 2 ,)p~ +a2' 
0 
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Energy of a Particles on l)assb~q through Matter. 
where Pi is given by 
and 
683 
2E2e 2 
t)12 ~- a2 = 'Db V 2(~1 
27rE~e2N 
A-- 
Hence AT A~q , p12 + a "~ 
A,-~, = V ~ ~og--- -a~--  
An 1 2m¥ 2 
= V~ log Q] • 
Summing for all types of electrons, 
9 "> AT A .mV" 
Ax - V ~ZS~l°g  Q~ 
A = ~.~ ['~ log 2mV~-~.~,~log Q~] 
is the rate o[ loss of energy due to ionization potentials. 
To take lute account the effect o[ resonance potentials, 
consider, first, the nl electrons with the ionization potential 
Qt. Let there be resonance potelltials QI', Q/~ • - -, all less 
than Ql, and let the/correspondingp u per limits, given by (1), 
for the p's be pl r, . . . .  We assume that for values of p 
lying between Pl and pl / (i. e., when the energy available, 
according to (1), lies between the ionization and resonance 
potentials) the energy transferred to the electron is constant 
and equal to Q/. Similarly, for all values o fp  between pl r 
and p~', the energy transferred is constant and equal to QI'. 
Then the total loss of energy by the a particle passing 
through a distance Ax, which is due to the presence of 
resonance potentials, will be 
pr  p .  
1 1 
Pl Pt' 
AT 
AT 27rNE'~e',qE (1  ) (Q~ ~, )  ? 
~.~ ,,.v ~ Q,' @, £ +Q,,, = Q1 " ~ + . . . .  
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684 Dr. G. ]=[. Henderson on the Decrease  o f  
Summing this expression for all the types of electrons 
hi, n~, etc., we have 
Thus the complete xpression for the loss of energy is 
AT Ant"  o, ~ n~ n, I _Q~,+I)~] 
Ax--= V~ L l%V + log2m--Xs-  log Q~+X% Z t n  _ 1 Q~0 )_]" 
Put logb=log2m-Zs- - logQs+- -~nZe 1 • (3) 
AT An 
Then A---x = V ~ log bV ~. 
Replacing T by ½MV ~ we have in the limit 
--MvdV An dx = ~ log bV 2, 
the negative sign entering because AT is a loss of energy. 
MV3dV 
Thus dx  = 
An log bV 2 
MbV2d(bV ~) 
= - 2Anb ~ log bV ~ 
_ M e-Ydy where .y = -- 2 log bV ~. 
2Anb 2 y ' 
Let the velocity of the ~ p,~rticle initially be Vo and the 
velocity o[ the a particle alter doing a distance x be V, then 
M 
- v-' 
Yo 
where Y = -- 2 log bV 2 = -- log b~V 4, 
Yo = -- log bWo 4. 
M 
Hence ,e= 2Anb 2 [E i ( - -Y0) - -E i ( - -Y ) ] . .  (4) 
Ei(x) is the exponential integral, defined by 
- -x  
numerical values 
writers. 
of which have been tabulated by various 
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Energy of ~ Particles on passing through Matter. 685 
It is very interesting to observe that this equation is of 
the same type as that derived by Bohr in his second paper 
on the motion of a particles through matter, although derived 
on quite different assumptions. The meaning of some of the 
constants i , of course, quite different. 
§ 4. Comparison with E,vperiment. 
Subslituting accepted values of the physical constants we 
have from (4) 
5" 84: x 10 -~6 
x= - - -~ ,  [E i ( -Y0) - -E i ( - -Y ) ]  
for air at I5 ° C. and 760 ram. pressure, assuming the number 
of electrons in tile fictitious air molecule to be 14"4. 
We substitute numerical values in expression (4) for log b, 
term by term, 
log 2m = 2"30 log10 2 X 9"0 x 10 -~s = -- 61"58. 
The remaining two terms are more difficult to evaluate, as 
the values of the ionization and resonance potentials are 
not completely known, and we are treating with average 
values for air. The order of magnitude of these quantities 
is, however, fairly well established. We will choose values 
of this order of magnitude which give the best agreement 
with experiment. 
Assuming 4 electrons for which Q= 200 volts-- 3"18 x 
10 -1° erg and 10"4 elecfrons for which Q=15 volts 
=2"38 × 10 -1° erg, 
10"4, 10_11 --E"n~l°g Q: ' -  2 " 3 n  1 -~ 1og10 2"38 X 
4 
+ l~.41og 3"18 X 10 -~U ] =23"75. 
For values of the resonance potential which are near the 
ionization potential the terms ~_t 1-- -~,(5(t+t)/O (,~ ~t)~, will be practi- 
cally zero. Hence we need only concern ourselves with 
those few resonance potentials which are considerably ower 
than the ionization potential. We shall probably not be far 
wrong if we set ~t O(tq-1)]O(t)--2 (1-- .~ . . . .  --_ foreach set of electrons. 
Then log b= --61"58 + 23"75 + 2"0= --35"83, 
log b'~= -- 71'66, 
corresponding to a value of b~--  7'5 × 10 -3~ approximately. 
Thus the velocity equation of the a particle becomes 
~= 7"79 × 10 -~ [E i ( -Yo) -E I ( - -Y ) ] .  
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686 Dr. G. I-l. Henderson on the ])ecrease of 
I t  should be pointed out that since b appears as well in the 
exponential integrals, the wdue o[ .r is not very sensitive to
changes in b. 
Values of the range given by the formula have been 
calculated for various velocities of the a particle, and the 
results are shown in the second column of Table I. The 
evaluation of E I ( - -Y )  has been carried out by interpolation 
from the tables given by Jahnke and Emdo~. In column 
three are ~iven the experimental results of Marsden and 
Taylor t .  Column four shows the ranges as calculated by 
Bohr :~. The Table refers to Ra() in air at 15 ° O. 
TABLE I. 
V/V o. Calc. Experimental. C,~lc. Bohr. 
"9 1"87 1"90 1"89 
"8 3"43 3"34 3"35 
"7 4"50 4"48 4"48 
"6 5"23 5"32 5"35 
"5 5"67 5'97 5"97 
Fro,n the table it will be seen that the calculated values 
agree well with experiment. Both series of calculations fail 
for low ~,eloclties of the a particles. Bohr's theory holds 
down to values of V/Vo equal to about "5; the present 
theory has not quite the same range of applicability, failing 
bcIow values of V/V0 of about "6. 
One or two points of interest should be noticed here. 
First, we shall see what is the actual size of the radius 
of action of the a particle called for. Taldng an 
particle moving with the initial ~,elocity of radimn C 
(1'92 x 109 cm./sec.) and a resonance potential of 10 volts, 
when numerical values are substituted in (1), we obtain 
po~ +a~= 7'b5 X 10 -is, a2= 1"89 x 10 -e°, 
and hence 
po~= 7"83 x 10 -is, 
Thus, p0=2"80x 10 -9 cm. is the distance from the sleetron 
within which an ¢~ particle must come in order to transfer 
~o it energy corresponding to 10 volts. This distance is of 
the order of one-tenth of the diameter of an atom. 
Secondly, there wiil be a velocity below which the ~ particle 
will be unable to ionize, however close the collision. As the 
velocity of the ~ particle decreases the value ofpo increases 
* Jahnke u. Erode, Funkfionentafeln, p. 19. 
t Marsden and Taylor, Prec. Roy  See. A. 88, p. 443 (1913). 
$ Bohr, Phil. Mag. xxx. p. 597 (1915). 
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Energy of a Particles on passln(! throtlflh Matter. 687 
at first in inverse proportion to the velocity. A time will 
come, however, when the term in a s will beeonm important, 
the wdue o~ p0 will then begin to fall off rapidly to zero at a 
finite value of V, which may be called the critical velo,Aty 
V,. For the ratio (l)o:+a~)/a'Z=2mV~/Q must not be less 
than unity. When it is equal to 1, po=O. 
Then V~°= Q/2m = 8"8 × 1015. 
The critical velocity V~=9"4 × 107 cm/see. 
The same results should hold for positively charged 
hydrogen ',toms, which should cease to ionize a g~s of 10 volts 
ionization potential at velocities less than about IO s cm./s~.c., 
equivalent to about 5000 volts. This point has been discussed 
by Sir J .  J .  Thomson *, who has dealt with the problem of 
the ionization produced by moving" electrified particles along 
somewhat the same lines as that followed in this paper, by 
:~s~uming that a definite amount of energy is necessary to 
remove an electron from an atom. It  appears from experi- 
ment tha~ positive rays cease to ionize only when their 
energyis less than 1000 volts. This is uot surprising, since 
at these low velocities the wdocity o[ the electron itsel[ 
probably plays an ilnl)ortant p:lrt, 
§ 5. Conclus~o~. 
From the figures given in Table I. it will be seen that the 
theory developed in this paper gives good agreement with 
experime,~t in air for ~ particle velocities which ,re not too 
low. It has already been pointed out that both Bohr's and 
the present th,,ories 1,,ad to equations of the S~|llle type (i). 
In both cases constants of the proper order of magnitude 
give good agreement. These constants are adjustable, but it 
should be pointed out that their orders of maguitude are 
fairly well know,~, and hence they are adjustable o:,ly within 
narrow It,nits. It seems a little surprising that practically 
the same results should be a, rived at, starting from such 
different assumptions. It  is p.ossible that these views might 
be assimilated when more as known about the actual 
mechanism of' the transfer of energy from ~ particle to 
electron. 
Unfortunately the exponential integral which occurs in the 
final equation of motion is of such a character that a certain 
amouut of w~riation in the values of the cons/ants employed 
does not materially affect the agreement with experiment. 
It  is thus impossible to decide definitely by appeal to experi- 
ment which of the two points of view adopted is the more 
correct, 
* Thomson, 2nd Solvay Congress, 1913. 
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688 Energy Decrease of ~ Particles passlng through Matter. 
For the same reason calculations have not at present been 
carried out for substances other than air. In this connexion 
the remarkable agreement obtained by. Bohr in the case of 
hydrogen, making tJse only of known data, shouhl not be 
lost sight of. Unfortunately, data regarding resonance and 
ionization potentials for gases in the molecular state are still 
incomplete. 
It is regretted that results of a more decisive character 
have not as yet developed from this application of the con- 
cepts ot ~ resonance and ionization potentials. However, it is 
felt that the possibility of explaining, along the lines followed 
here, much of the experimental data on the motion of 
particles should be pointed out. Tl,e equation of motion is 
obtained comparatively simply, as ~ill be seen from § 3. 
The above remarks concerning agreement with experiment 
referred to velocities not lower than "SV0, half the initial 
velocity of RaC. For velocities lower than this the agree- 
ment breaks down completely. This is only to be expected, 
for experimental data of other kinds show that the previous 
homogeneity of the beam of a particles begins to disappear 
at about this velocity. 
In the foregoing calculation o account has been taken of 
probability variations in the beam, while from a velocity of' 
• 5V0 downwards these variations become marked. Neither 
has account been taken of the orbital velocities of the 
electrons which may become appreciable for low a particle 
velocities. Experiment shows that the beam becomes 
anhomogeneous in velocity. Straggling becomes very large 
at this point. Further, recent results obtained by the writer 
give evidence to show that the charge on the a particle does 
not remain invariable for low velocities, though further 
discussion of this point must be reserved. All things 
considered it seems clear that the behaviour of a beam of 
particles becomes much too complicated at low velocities to 
be dealt with by simple treatment. 
Summary. 
In this paper the equation of motion of an ~ particle 
passing through matter is developed, making use of the 
concepts of resonance and ionization potentials. 
The equation found is shown to give ood agreement with 
g . • • 
experiment in the case of air~ but does not furmsh a dec)sire 
test when compared with other solutions which have been 
proposed. 
Cavendish Laboratory~ 
July 1922. 
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